This study was conducted to determine the commercial feasibility of feeding a 15% ground flaxseed diet to finishing hogs for up to 42 d before slaughter and to compare the fatty acid composition of the resulting pork products with commercially produced haddock and mackerel. Eightyseven pigs were fed a control diet (predominantly corn, soybean meal-based) and then a similar diet containing 15% flaxseed for the last 28 (FS28) or 42 d (FS42) before slaughter. Control pigs were continued on the control diet (CO28 and CO42). Percentages of saturated and monounsaturated fatty acids were decreased ( P < .0001), and percentages of polyunsaturated fatty acids, most prominently a-linolenic acid [18:3(n-3)] and the sum of all ( S) measured ( n-3) fatty acids, were increased ( P < .0001) in all pork tissues (backfat, liver, and longissimus thoracis) and products (lard, muffins, Braunschweiger, and bacon) due to dietary flaxseed. The percentage of arachidonic acid [20:4(n-6)] decreased in FS28 compared to CO28 liver ( P < .0001) and in longissimus thoracis polar fraction FS42 compared to CO42. The percentage of 18:3(n-3) was similar in mackerel, CO bacon, and CO longissimus thoracis, and the percentage of 18: 3 ( n-3) and S( n-3) in haddock was similar to that in FS bacon and FS longissimus thoracis. The percentage of 20:5 in FS42 longissimus thoracis, polar fraction, approached the level in haddock, but the percentages of 20:5 and 22:6 were greater ( P < .0001) in mackerel than in haddock. The percentage of S( n-3) was greater ( P < .0001) in mackerel than in haddock and S( n-6) was greater ( P < .0001) in haddock than in mackerel. Commercial production of omega-3 enriched pork products can provide consumers a feasible alternative to a diet higher in fish than that normally consumed.
Introduction
Meat products from swine fed diets containing 15% ground flaxseed for the last 28 d before slaughter contained elevated levels of ( n-3) fatty acids ( FA; Romans et al., 1995a,b) . The human health benefits of dietary ( n-3) fatty acids are being continually researched through direct human dietary supplementation with flaxseed (Cunnane et al., 1994; Mantzioris et al., 1995; Nordstrom et al., 1995) or fish (Keli et al., 1994; Katan, 1995; Siscovick et al., 1995) . Flaxseed and fish supplements have been directly compared (Mantzioris et al., 1994; Caughey et al., 1996) . The two objectives of this study were to determine fatty acid composition of backfat, liver, and longissimus thoracis of pigs fed ground flaxseed for 28 or 42 d and to compare the fatty acid composition of the resulting pork products with those produced from haddock and mackerel.
Materials and Methods

Pigs and Diets. This project was accomplished
through the cooperation of the Professional Nutrition Management firm ( PNM) , Ireton, IA. On January 20, 130 pigs of PNM breeding that were housed together in an open-front building were switched to a diet containing 15% ground flaxseed (Table 1 ) Table 3 . Effects of 15% dietary flaxseed on the fatty acid composition of backfat a SFA = saturated fatty acids, MUFA = monounsaturated fatty acids, PUFA = polyunsaturated fatty acids, and S = sum of all ( n-3) or ( n-6) fatty acids measured. b,c,d,e Least squares means within a row lacking a common superscript letter differ ( P < .0001 except for 16:1 P < .0025, 18:0 P < .0017, and 18:3(n-6) P < .0062). Numbers in parentheses are standard errors of least squares means (error df = 68 except for 20:5 = 58). Samples. The final products produced (muffins, bacon, Braunschweiger, and pork chops) were used in a human nutrition study (Crews et al., 1994) in which two levels of the ( n-3) enriched pork were compared with control pork and two species of fish. Thus, it was necessary to slaughter and process approximately twice as many FS as CO pigs to provide product needs for the human nutrition study. Livers from all pigs were saved from the viscera line, and "center section" pieces (containing the wholesale loin, belly, spareribs, and fatback) from FS28 ( n = 30), CO28 ( n = 15), FS42 ( n = 40), and CO42 ( n = 15) carcasses were acquired from John Morrell & Company. Lee's Meats and Sausages (Tea, SD) separated the "center sections" into fatback, belly, spareribs, and boneless loins. The boneless loins were fabricated into chops approximately 2 cm thick and weighing 136 g each. The chops were individually vacuum-packaged (Multivac ® ) and quick-frozen. The bacon was cured Table 4 . Effects of 15% dietary flaxseed on the fatty acid composition of lard a SFA = saturated fatty acids, MUFA = monounsaturated fatty acids, PUFA = polyunsaturated fatty acids, and S = sum of all ( n-3) or ( n-6) fatty acids measured.
b,c,d,e Least squares means within a row lacking a common superscript letter differ ( P < .0001 except for 18:0 P < .05 and 20:2 P < .0002). Numbers in parentheses are standard errors of least squares means (error df = 53). a SFA = saturated fatty acids, MUFA = monounsaturated fatty acids, PUFA = polyunsaturated fatty acids, and S = sum of all ( n-3) or ( n-6) fatty acids measured.
b,c Least squares means within a row (error df = 28) lacking a common superscript letter differ ( P < .0001 except for 16:1 and 18: 3(n-6) P < .05). and smoked, fat trim was rendered into lard, and Braunschweiger ( Bnsgr) was manufactured from livers, pork trim, jowls, and bacon ends. The bacon was sliced, and bacon and Bnsgr were vacuumpackaged (Multivac) into 136-g and 272-g packages. Hy-Vee Food Stores (Brookings, SD) used the lard in the manufacture of jumbo applesauce muffins weighing approximately 80 g each. The muffins were vacuum-packaged at the South Dakota State University (SDSU) Meat Laboratory.
Fatty Acid Analyses. Samples (approximately 100
g ) of all tissues and products were frozen in liquid nitrogen and homogenized. Subsamples ( 1 to 2 g ) were analyzed for total lipids and fatty acid composition. Total lipids were extracted in triplicate from longissimus thoracis and liver using dichloromethane alone for the neutral lipids (triglycerides) and dichloromethane-methanol (9:1, vol/vol) for the polar lipids (phospholipids; Maxwell et al., 1980) . Only neutral lipids were extracted from all remaining tissues. After adding 21:0 as an internal standard, methyl esters were prepared (Morrison and Smith, 1964) and analyzed by GLC (model 3400 GC, Varian, Walnut Creek, CA) equipped with an 8200 series autosampler. The fatty acid methyl esters were injected cold (40°C ) on a 30-m × .25-mm i.d. × .20-mm film thickness Supelco model SP2330 column (Supelco, Bellefonte, PA). The initial injector temperature was 40°C and was held for .10 min. The injector temperature was increased to a final temperature of 225°C at a rate of 100°C/min and held for 49 min. The initial column temperature was 40°C and held for .5 min. The column temperature was increased to 160°C at a rate of 20°C/min. The column was held at this temperature for 9 min, then increased to 172°C at .5°C/min, and held for .5 min. The column was increased to a final temperature of 210°C at 20°C/min Table 6 . Effects of 15% dietary flaxseed on the fatty acid composition of bacon a SFA = saturated fatty acids, MUFA = monounsaturated fatty acids, PUFA = polyunsaturated fatty acids, and S = sum of all ( n-3) or ( n-6) fatty acids measured.
b,c,d Least squares means within a row lacking a common superscript letter differ as indicated in column P. Numbers in parentheses are standard errors of least squares means (error df = 45). Statistical Analyses. The GLM procedures (SAS, 1985) were used to analyze fatty acid profiles with individual fatty acids as the dependent variables and treatments and samples within treatments as the independent variables. A completely random design was used. Means were separated and standard errors were calculated using the least squares means statement (LSMEANS) with the PDIFF and STDERR options, respectively. Error degrees of freedom are provided in all data tables, which relate to number of pigs sampled for backfat, liver, bacon, and longissimus thoracis and the number of samples taken from the various treatment groups for lard, muffins, and Bnsgr. Table 8 . Effects of 15% dietary flaxseed on fatty acid composition of liver polar lipids a SFA = saturated fatty acids, MUFA = monounsaturated fatty acids, PUFA = polyunsaturated fatty acids, and S = sum of all ( n-3) or ( n-6) fatty acids measured.
b,c Least squares means within a row (error df = 20) lacking a common superscript letter differ ( P < .0001 except 18:0, 20:1, 22:6, SFA, and PUFA P < .01). 
Results and Discussion
Backfat, lard, muffins, bacon, liver, Braunschweiger, and longissimus thoracis contained approximately 84, 98, 12, 35, 4, 19 , and 8 g of total lipid per 100 g of sample, respectively. There was no effect of diet on the total lipid contents (data not shown).
Percentage of saturated fatty acids ( SFA) and monounsaturated fatty acids ( MUFA) decreased ( P < .0001) due to diet in backfat (Table 3) , lard (Table  4) , and muffins (Table 5) . In earlier work, there was no change ( P > .05) in SFA and MUFA in backfat, middle/inner layer, due to FS28 (Romans et al., 1995b) . The level of SFA is lower and MUFA higher in this study than in the same tissue after approximately 7 wk on a rapeseed-and fish oil-supplemented diet (Leskanich et al., 1997) , but the dietary effect was greater in this study than in that of Leskanich et al. (1997) . The FS42 dietary effect increasing polyunsaturated fatty acids ( PUFA) was greater ( P < .0001) than the FS28 effect, but FS28 and FS42 were greater ( P < .0001) than the respective controls, which did not differ from each other ( P > .05) in backfat (Table 3) , lard (Table 4) , and muffins (Table  5 ). The one fatty acid most responsible for the PUFA and the sum of all ( S) measured ( n-3) fatty acid increases in these three tissues/products was 18: 3 ( n-3). The muffins were listed as "Applesauce Muffins" (Nutrition and Food Science Dept., South Dakota State Univ.) and were composed of white flour (35%), applesauce (23%), lard (12%), sugar (9%), and baking powder, salt, cinnamon, ginger, eggs, and milk ( S21%). The FS28 dietary effect on PUFA and S( n-3) in lard (Table 4 ) remained in muffins (Table  5) , although diluted out to 12% of the muffin mix.
There was no dietary effect ( P > .05) on SFA in raw bacon (Table 6 ), but CO28 > FS28 > FS42 ( P < .0001) in microwaved bacon (Table 7) . Dietary flaxseed caused MUFA to be decreased ( P < .0001) and S( n-3), especially 18:3(n-3), to be increased ( P < .0001) compared to CO in raw and microwaved bacon (Tables  6 and 7) . No belly/bacon processing problems due to flaccidity were encountered in this commercial operation. This verifies earlier work in our laboratory (Romans et al., 1995a,b) that showed that this level of PUFA in pork products did not hinder processing.
The polar lipid ( PL) fraction in liver accounted for approximately 60% of the total lipid (data not shown). Nevertheless, the FA changes due to diet were similar in the PL (Table 8 ) and neutral lipid ( NL) fractions (Table 9) . a-Linolenic acid [18: 3 ( n-3)] and 20:5 were the ( n-3) FA largely responsible for the increased S( n-3) FA in FS28 liver Table 9 . Effects of 15% dietary flaxseed on fatty acid composition of liver neutral lipids a SFA = saturated fatty acids, MUFA = monounsaturated fatty acids, PUFA = polyunsaturated fatty acids, and S = sum of all ( n-3) or ( n-6) fatty acids measured.
b,c Least squares means within a row (error df = 22 except 18: 3(n-6) = 12 and 22:6 = 19) lacking a common superscript letter differ ( P < .0001 except SFA P < .001; 18:2, 22:4, and 22:6 P < .01; and 18:3(n-6), 20:5, and PUFA P < .05). Numbers in parentheses are standard errors of least squares means. a SFA = saturated fatty acids, MUFA = monounsaturated fatty acids, PUFA = polyunsaturated fatty acids, and S = sum of all ( n-3) or ( n-6) fatty acids measured.
b,c,d,e Least squares means within a row lacking a common superscript letter differ ( P < .0001 except 18:3(n-6) P < .01). Numbers in parentheses are standard errors of least squares means (error df = 43). compared to CO28 liver ( P < .0001). The ( n-6) FA largely responsible for the decrease in S( n-6) FA and PUFA ( P < .0001) was arachidonic acid [20: 4 ( n-6) ]. The D-6 desaturase enzyme system shared by the ( n-3) and ( n-6) FA synthesis pathways may have been overwhelmed with lipid derived from the diet. That the PL fraction was more metabolically active than the NL fraction in the liver can be noted by comparing the magnitude of the increase in 20:5 and the decrease in 20:4 due to diet in the two fractions. Commercially manufactured Bnsgr was composed of livers (36%), pork jowls (27%), lean trim (18%), bacon ends (9%), and salt, nonfat dry milk, dextrose, and onions ( S10%) from each treatment group. The percentage of SFA decreased ( P < .0001) in Bnsgr due to dietary treatments because all individual SFA decreased ( P < .0001; Table 10 ). After FS28, MUFA were not different from CO28 ( P > .05) because 16:1 and 20:1 did not differ; however, MUFA were lowered Table 11 . Effects of 15% dietary flaxseed on fatty acid composition of longissimus thoracis polar lipids a SFA = saturated fatty acids, MUFA = monounsaturated fatty acids, PUFA = polyunsaturated fatty acids, and S = sum of all ( n-3) or ( n-6) fatty acids measured. b,c,d Least squares means within a row lacking a common superscript letter differ ( P < .0001 except 20:5, PUFA, and S( n-6) P < .001; 16:1 and 22:6 P < .01; and 18:3 ( n-6) and 20:1 P < .05). Numbers in parentheses are standard errors of least squares means (error df = 36 except 18:3(n-6) = 26 and 20:5 = 27. a SFA = saturated fatty acids, MUFA = monounsaturated fatty acids, PUFA = polyunsaturated fatty acids, and S = sum of all ( n-3) or ( n-6) fatty acids measured. b,c,d Least squares means within a row lacking a common superscript letter differ ( P < .0001 except 20:1, 20:4, and 22:4 P < .01 and 18:1, 22:6, and MUFA P < .05). Numbers in parentheses are standard errors of least squares means (error df = 34 except for 18: 3(n-6) = 20, 20:5 = 25, and 22:6 = 32). ( P < .0001) due to FS42 compared to all other treatments. The largest decrease was 18:1. a-Linolenic acid was again the predominant FA that caused S( n-3 ) FA to be raised ( P < .0001). Therefore, the carcass fat derived from the pork jowls, bacon ends, and to a lesser extent from the liver and lean trim carried through to the final Bnsgr product. Except for 18: 3 ( n-3), fatty acid composition percentages reported here (Table 10) are remarkably similar to those reported by Leskanich et al. (1997) in grilled sausage from pigs after approximately 7 wk on a rapeseed-and fish oil-supplemented diet. The PL fraction in longissimus thoracis samples (Table 11) accounted for approximately 10% of total lipids (data not shown). Thus, NL contributed more Table 13 . Effects of 15% dietary flaxseed on fatty acid composition of combined lipid fractions in broiled longissimus thoracis a SFA = saturated fatty acids, MUFA = monounsaturated fatty acids, PUFA = polyunsaturated fatty acids, and S = sum of all ( n-3) or ( n-6) fatty acids measured. b,c,d Least squares means within a row (error df = 42) lacking a common superscript letter differ ( P < .0001). to total lipids of longissimus thoracis (Table 12 ) than liver NL (Table 9 ) contributed to liver total lipids. Dietary flaxseed caused percentage MUFA and S( n-6) to decrease ( P < .0001) in PL (Table 11) , NL (Table  12) , and in combined lipid fractions of broiled longissimus thoracis (Table 13 ). In these same fractions, PUFA, S( n-3), 18:3(n-3), and 20:5 increased ( P < .0001) due to dietary flaxseed. Of these three tissues, only in PL did 20:4 decrease ( P < .0001) due to FS42. The percentage of PUFA in PL (Table  11 ) was approximately twice that in NL (Table 12) and 50% more than PUFA in combined lipid fractions of broiled longissimus thoracis (Table 13) . The health benefits of fish consumption are continually being debated (Katan, 1995) . Fifteen of 500 total servings of each of two fish species differing in omega-3 FA content were sampled for total lipid and FA composition to compare with the pork products. The 124-g mackerel serving (Reese Finer Foods, Bloomfield, NJ) was packed in olive oil. The 114-g breaded haddock serving (Seafarer's Choice, distributed by Multi-National Foods, Marshall, MN) was composed of 65% haddock and the remainder batter and breading. Haddock (6.1% lipid) and mackerel (6.6% lipid) were similar to longissimus thoracis in lipid content (8%).
Oleic acid (18:1) was the predominant FA in haddock and mackerel (Table 14) , as was the case, but to a lesser extent, in all control pork tissues. The percentage of 18:3(n-3) was similar in mackerel, CO bacon, and CO longissimus thoracis, and the percentage of 18:3(n-3) and S( n-3) in haddock was similar to levels in FS bacon and FS longissimus thoracis. The percentage of 20:5 in FS42 longissimus thoracis, polar fraction (Table 11 ) approached the level in haddock (Table 14) , but the percentage of 20:5 was greater ( P < .0001) in mackerel than in haddock (Table 14) . The percentage of 22:6 was higher ( P < .0001) in mackerel than in haddock (Table 14) and greater in both fish samples than in any pork product. The percentage of S( n-3) was greater ( P < .0001) in mackerel than in haddock and S( n-6) was greater ( P < .0001) in haddock than in mackerel.
The species of the commercial mackerel product was not identified, but its composition of total lipid and ( n-3 ) fatty acids very nearly matches that of horse mackerel (USDA, 1986) . The commercial precooked haddock product, which included 35% batter and breading, was higher in total lipid and individual fatty acids than reported for haddock (USDA, 1986) . The haddock had been fried in partially hydrogenated vegetable oil containing one or more of the following oils: cottonseed, soybean, and(or) corn. Unlike the FS products in which large 18:3(n-3) increases occurred, mackerel excelled in its ability to accumulate 20:5 and 22:6.
There were some indications that pork flavor may have been slightly compromised by including 15% ground flaxseed in the pigs' diet for as long as 28 d before slaughter (Romans et al., 1995a,b) . In this study, consumers found FS28 Bnsgr, FS28 and FS42 bacon, and FS28 and FS42 longissimus thoracis equally favorable to controls (our unpublished observations). Fish oils can be taken as capsules, but to many that might present a problem for routine and regular intake. A balanced diet, including muscle foods, is appropriate for a normal, healthy population.
Implications
Pigs commercially fed a diet containing 15% ground flaxseed for at least 42 d immediately before slaughter metabolized the 2.9% dietary 18:3(n-3) and 0% 20:5 resulting in 2.6% 18:3(n-3) and .044% 20:5 in microwaved bacon. A serving of this bacon (three slices weighing 19 g ) will provide a consumer with 494 mg of 18:3(n-3) and 8.4 mg of 20:5. An equal serving (19 g ) of mackerel will provide 12 mg 18: 3 ( n-3) and 66.5 mg 20:5. Humans have the D-6 desaturase enzyme system to convert 18:3(n-3) to 20: 5. Commercial production of omega-3 enriched pork products can provide consumers a feasible alternative to a diet higher in fish than that normally consumed.
